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A foreset-dominated Gilbert delta is a delta that is dominated by sediment avalanches 
(i.e., discontinuous grain flows) over its front. It forms when a river flows into a basin or 
sea characterized by a flow depth that is much larger than the one in the fluvial reach, 
and the conditions (e.g., flow expansion in combination with the grain size distribution of 
the transported sediment) are such that the transported sediment passing the brinkpoint 
is deposited (i.e., grain fall) and forms a wedge at the topmost part of the foreset. 
Discontinuous grain flows, which are initiated when the angle of repose is exceeded and 
the wedge fails, generally result in a fining upward pattern within the foreset deposit. A 
Gilbert delta is typically described in terms of a low-slope topset (resulting from 
deposition over the fluvial reach), a steep-slope foreset (resulting from sediment 
avalanches over the lee face), and a bottomset (resulting from deposition of fine 
sediment passing the brinkpoint as suspended load). Viparelli et al. (2012) developed a 
numerical model describing the progradation and stratigraphy of a Gilbert delta subject 
to base level rise and fall. The purpose of the numerical work is to develop a tool that 
helps in the interpretation of past sea level changes from stratigraphy formed by a 
Gilbert delta. The model was validated using laboratory data from a mixed-sediment 
Gilbert delta (Viparelli et al., 2013). The objective of the present study is to provide 
detailed data from laboratory experiments on the streamwise variation of the stratigraphy 
within a Gilbert delta deposit in response to a variation in sea level. The experiments 
were conducted in a sediment feed flume in the Water Lab of the Department of 
Hydraulic Engineering of Delft University of Technology. The flume is 14 m long and 40 
cm wide. We used three well-sorted grain size fractions in the coarse sand to gravel 
range. The three fractions were painted in three different colors, and the streamwise 
variation of the stratigraphy within the delta deposit was measured using the image 
analysis technique developed by Orrú et al. (2013). The water discharge was maintained 
constant, as well as the sediment discharge of the three grain size fractions, for the 
entire duration of the experiments. Three experiments were conducted: (I) constant base 
level, (II) a gradually rising base level, and (III) a slowly varying base level.  
 
The Gilbert delta deposits were characterized by (a) the formation of a topset resulting 
from aggradation over the fluvial reach; (b) the presence of an armour layer constituting 
the topmost part of the topset, as the fluvial reach needs to coarsen its surface to 
transport the mixture from the feeder downstream; (c) a slight downstream fining of the 
bed surface material over the fluvial reach, as the fluvial reach has a slightly upward 
concave profile resulting from delta progradation; and (d) a fining upward profile within 
the foreset resulting from sediment avalanching over the foreset. Base level rise induces 
an M1 backwater curve over the fluvial reach. In case flow and sediment characteristics 
are such that selective trapping may occur, the topset aggrades preferably with the 
coarse fraction of the mixture. In such a case, the sediment passing the brinkpoint and 
forming the sediment wedge becomes finer, and, as a result, a fine lens can be found in 
the foreset deposit. However, this effect appears to be temporary as due to the selective 
trapping, the bed coarsens over the fluvial reach, which enhances the transport capacity 
of the coarser mode and counteracts the previous effect. 
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Chapter 1
Introduction
Toda ciencia humana, por el mero
hecho de serlo, es imperfecta, y,
por tanto, progresiva por esencia.
Pro´logo al Elogio de la Locura
A. Rodriguez Bachiller
1.1 General Overview
Civil Engineering is the discipline that, based on the knowledge acquired in
physics, mathematics and other study areas, finds the optimal solution for an
existing problem related with the human intervention in the environment. The
problem can be the communication between two cities, how to transport goods
from one place to another, the water supply of a region, how to prevent a
flood event, maintain a navigable river et cetera. And the solutions can be
the construction of a road or a railway, a bridge, a canal, a dam or simply the
improvement of the existing infrastructure by means of a better management.
For finding these optimal solutions it is necessary a proper understanding
of nature. By nature we understand the behavior of different materials like
soil, concrete, steel; and the behavior of the environment itself like rivers or
earthquakes. However, the knowledge we have got in the different study areas
is not the same because the complexity of problems to solve is considerably
different. In these terms, hydraulics is probably the sub-discipline where more
insight it is necessary to acquire. While buildings of hundreds of meters are
constructed, Navier-Stokes is still unsolved; while there are railways at several
thousand of meters above sea level, we are still facing floods in central Europe.
As a summary, due to the existing uncertainty in every problem related with
water, only a better comprehension of nature can lead to the next generation of
solutions.
1.2 Context
It is necessary to understand the past for a proper prediction of the future.
When designing and optimal solution for an engineering problem (e.g. a bridge
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over a river), one of the most important parts of a project is the study of the
situation before acting (in our case it can be e.g. previous water levels during
floods). Nowadays when a project is related with the sea (directly as in a port or
indirectly as the effect that produces in a river because of the backwater effect),
the mean sea level is assumed constant and it is an acceptable hypothesis taking
into account the different time scales of the life span of the project and the sea
level rise rate. However, it is proved to be rising, and to monitor this rising is a
matter of public interest all around the world, especially in countries where the
effects of sea level rise induces more risks.
Many models explain the past sea level rise and the data gathered for these
models come from very different places. Fairbanks (1989) relates the sea level
with the existence of a certain kind of coral, Kaye and Barghoorn (1964) relates
it with the autocompactation of peat. The properties of radiocarbon dating are
used by Stanley (2001) with the same purpose. However, the most extensive
data comes from geological records. One of the few structures where the past
sea level rise can be recorded is in Gilbert-type deltas, namely foreset dominated
deltas.
Deltas are complex landforms with length scales and periods of evolution
ranging several orders of magnitude (Orton and Reading, 1993). Their shape
and stratigraphy are affected, amongst other factors, by solid and liquid dis-
charge, wave and tide strength and the grain size distribution. Gilbert (1890)
describes the resulting stratigraphy as composed of: (a) a topset deposit, (b) a
foreset deposit, and (c) a bottomset deposit (Figure 1.1). The topset deposit
is formed out of gently streamwise inclined layers over the foreset deposit. The
latter is formed by steeply inclined layers that lie over the bottomset deposits
that are finer and nearly horizontal. The topset layers are parallel to the surface
while the foreset ones are parallel to the steep (10◦ to 25◦) outer face of the
delta. The bottomset deposits are nearly parallel to the substrate (i.e. the lake
or sea bottom).
Figure 1.1: Stratification of a Gilbert-type delta (after Gilbert (1890)).
Topset dominated deltas are those whose stratigraphy is mainly governed by
processes occurring on the delta top. These processes are triggered by a gradual
decrease in velocity because of the characteristics of the depositional environ-
ment that include distributary channels and their levees and river mouth bars.
As an example we have the delta formed in the Rhine river (Figure 1.2). On
the other hand, foreset dominated deltas, are those whose stratigraphy mainly
depends on processes occurring on the delta front (Edmonds et al., 2011). These
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processes are due to a sudden decrease in velocity (and bed shear stress) due to
a sudden increase in water depth downstream of the brinkpoint. An example of
an active foreset dominated delta is found in Figure (Figure 1.3)
Figure 1.2: Rhine river delta.
(http://www.deltanet-project.eu/rhine-meuse-and-scheldt)
In this study we focus on foreset dominated deltas (also known as Gilbert-
type deltas). They are found in both marine and lacustrine environments
(Viparelli et al., 2012), in low-energy basins where wave and tidal influence
can be neglected (Postma, 1995). Examples of such deltas are the Ventimiglia
valley in Italy (Breda et al., 2007, 2009), the Aguilas (Dabrio et al., 1991) and
Tabernas (Garc´ıa-Garc´ıa et al., 2006) basins in Spain, the Kerinitis delta in
Greece (Backert et al., 2010), and Peyto Lake in Canada (Smith and Jol, 1997).
These kind of deltas are important because they provide records of water levels,
sediment supply and tectonic activity among other variables (Viparelli et al.,
2012). Therefore, understanding its process of formation may help to know how
these variables have changed over time and provide a new tool for reconstructing
the paleo-sea-level.
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Figure 1.3: Wushe delta (Taiwan).
(http://www2.ce.ntu.edu.tw/ mh/TaiwanPostcards/WusheReservoir.html)
1.3 Problem Description
In a Gilbert-type delta, sediment load that passes the brinkpoint avalanches
through the foreset prograding thus the delta. In this sedimentation process a
characteristic vertical sorting profile is created which presents an upward fining
stratification where the coarser fractions find lower positions than the finer ones
(Figure 1.4). This profile depends on variables related with the geometry and
the sediment characteristics as well as the downstream water level. When this
delta is formed in a narrow basin it has a 1-dimensional longitudinal profile.
The Viparelli et al. (2012) model numerically predicts the stratigraphy of
a prograding Gilbert delta that is subject to base level variations. However,
experimental analysis is required for both the model validation and for providing
more information related with the mechanisms involved in its formation.
15
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
Figure 1.4: Scheme of a Gilbert delta.
1.4 Objectives and Research Questions
The aim of this thesis is to do measurements of the streamwise variation of a
Gilbert-type delta stratigraphy with variable downstream water-level.
The author will focus on the next research questions:
1. Which are the mechanisms involved in the delta formation when variable
boundary conditions exist?
2. What is the stratigraphy of a Gilbert delta when a variable base level is
imposed?
1.5 Research Methodology and Outline Thesis
In order to answer research question 1, a survey of the existent literature is
done (Chapter 2). Chapter 3 is focused on the experimental set-up, explain-
ing flume, sediment and flow characteristics and the technical aspects of the
sediment input. The measurement techniques used in the experiments are ex-
plained in Chapter 4. In order to answer research question 2, three experiments
are conducted and the results are presented in Chapter 5. However, before
performing these experiments, in order to test the new technique used for an-
alyzing the stratigraphy, a set of three experiments were conducted where the
new technique was compared with the state-of-the-art technique. These results
are presented in Appendix A.
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Chapter 2
Literature Review
Dos obsta´culos hay,
principalmente, que dificultan el
conocimiento de las cosas: la
vergu¨enza, que ofusca el esp´ıritu,
y el miedo, que, presentando el
peligro, disuade de acometer las
grandes acciones.
Elogio de la Locura
Erasmo de Rotterdam
2.1 Introduction
The objective of this study is to gain insight into the formation, stratification
and variation of the stratification of a 1-dimensional Gilbert-type delta under
laboratory conditions. For that purpose we first study previous research on
foreset dominated deltas; its formation and the effect of a varying base level.
Moreover, research is done also on previous laboratory experiments of a Gilbert
delta and on the image analysis technique that is going to be used for analysing
the grain size distribution. Finally, a review on a mathematical model used for
computational experiments on these kind of deltas is also done.
2.2 Gilbert-type Delta Characteristics
These foreset dominated deltas are named after Gilbert (1890) who first de-
scribed its structure based on a foreset dominated delta in Lake Boneville (Utah,
US). Gilbert observed how sediment brought by small streams was overwhelmed
by shore forces (i.e. waves) while the opposite occurred in case of large streams,
allowing delta formations. He described the formation of a delta (nowadays
known as a Gilbert-type delta) mainly differentiating between coarse particles
(i.e. bed load) and fines (i.e suspended load). When a river flows into a lake,
the flow velocity rapidly decreases due to the sudden expansion of the flow
depth and this induces the load to deposit. While the sediment transported
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as bed load settles immediately, the suspended particles are able to travel fur-
ther downstream. Gilbert also describes how, driven by its weight, the bed load
slides down the face of the delta (i.e. the foreset) leading to a slope of the foreset
equal to the static angle of repose of the carried sediment. However, modern
and fine grained deltas have in general a foreset that is much milder than the
angle of repose of the bed material.The suspended load is carried beyond the
delta face. The finer it is, the more downstream it is deposited.
Two more aspects are treated by Gilbert (1890), both related with the topset.
Firstly, he explains how the topset naturally aggrades even when there is no
change in water level. The sediment carried to the delta brinkpoint lengthens
the fluvial reach, which tends to decrease its slope and with it also the sediment
transport capacity. This induces aggradation until the slope is adequate to
transport the sediment load supplied by the river from upstream (Figure 2.1).
This is a continuous adjustment between lengthening of the fluvial reach and
bed slope. The second aspect is related to the shape of the topset. Gilbert states
how this aggradation has to begin at some distance from the river mouth. This
induces a negative gradient in sediment transport along the fluvial reach, which
implies a streamwise reduction of the bed slope and therefore an upward concave
profile (’Lessening load does not require a uniform slope and does not produce
it.’ (Gilbert, 1890)).
Figure 2.1: Delta migration (Blom, 2013).
Orton and Reading (1993) added to these previous characteristics the effect
of homopycnal (i.e. of equal mass density) flow conditions. The mass density of
the river discharge is comparable to the mass density of the receiving basin thus
allowing a rapid mixing at the river mouth resulting in instantaneous deposi-
tion of the bed load after the brinkpoint due to the reduction in flow velocity
associated with the fast-increasing depth.
The first author describing the grain size distribution found on the lee face of
a bed form due to avalanching was Bagnold (1941). The sediment carried along
the stoss face forms a wedge once reaches the brinkpoint and when the angle of
repose is exceeded the sediment rolls downslope thus making advance the dune.
The characteristic upward fining stratification was identified. This finding was
later confirmed by Allen (1965); Termes (1986); Postma (1990); Blom et al.
(2003); Kleinhans (2004) and more.
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A refinement in the description of the formation of the foreset deposit was
made by Kleinhans (2005). The formation process can be summarized in three
steps (Figure 2.2). Sediment carried as bed load that passes the brinkpoint is
deposited in the upper part of the lee face forming a wedge due to the sudden
increase in flow depth. This process is called grain fall. After the static angle
of repose is exceeded, the sediment that forms the wedge moves downslope in
a small gravity driven grain flow (Lowe, 1976). In this process, due to kinetic
sieving (Kleinhans, 2004), the fine sediment is covered by the coarse fraction.
At some point the whole upper part of the lee slope remobilizes and avalanches
downslope entraining the underlying sediment of the previous grain flow. During
this second grain flow, sediment sorting takes place. As the coarse fraction is
able to roll over the fines more easily it is placed further downslope (near the
toe) and the fine fraction is deposited preferentially over the upper part (near
the brinkpoint).
Figure 2.2: Delta propagation according to Kleinhans (2005).
Gilbert (1890) has demonstrated how a constant base level and sediment
input requires the topset to aggrade. However, because of lengthening of the
fluvial reach, the rate at which the topset aggrades is not constant. Considering
a constant sediment input, the longer the fluvial reach or topset, the slower is
the delta progradation and thus the topset aggradation. That is to say, a longer
fluvial reach requires more time to aggrade enough and allow the sediment to
arrive to the brinkpoint.
19
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
A relative rise in base level (i.e. sea or lake level) induces an increase in ac-
commodation space that leads to more topset aggradation (Posamentier et al.,
1988). The accommodation is defined as the available space for potential aggra-
dation. It is the relative base level variation the factor that controls the accom-
modation change. The relative base level is defined as addition of the eustatic
sea level rise (i.e. worldwide change in sea level, caused by the melting of ice
sheets, movements of the ocean floor, sedimentation, et cetera) and the local
subsidence or lifting. However, there is a limit on this aggradation induced by
base level rise. A constant sediment input and sea level rise rate inexorably
leads to retreat of the delta front and final abandonment of the delta due to
the progressive topset and foreset enlargement (i.e. autoretreat, Muto and Steel
(1992, 1997); Muto et al. (2007)). When the relative sea level rise is slow and
the sediment supply rate is high, the autoretreat effectiveness is small (Muto
and Steel, 1997). The autoretreat effectiveness is defined as the ratio between
the period of relative sea level rise and the period of the precursory advance of
a shoreline (i.e time until the brinkpoint begins to migrate upstream).
It is important to study Gilbert deltas because sea level is reflected in its
stratigraphy (Postma, 1995; Backert et al., 2010) and this property can be used
in order to reconstruct the paleo sea level. Longhitano (2008) shows an example
of such a reconstruction considering the Potenza Basin (Southern Appennines,
Italy). Longhitano considered that high frequency sea level changes influenced
the delta progradation and found alternating periods of rise (where gravel was
deposited over the topset) and fall (where topset degradation and fast delta
progradation was found). However, it is not possible to prognosticate the effect
of a base level variation without knowing the sediment influx (Postma, 1995).
Nevertheless, sea level fall is recognizable by brinkpoint fall (and vice versa)
and this is independent of the sediment supply (Postma, 1995). Postma (1995)
related distinct stratigraphical records and styles to base level changes.
2.3 Backwater Effect over the Fluvial Reach
In nature, near a river mouth, the relation between liquid and solid discharge
normally leads to a slope milder than the critical slope. In such a case, the river
can be hydraulically classified as type M which implies that the critical depth
is smaller than the normal one. Considering a fictitious equilibrium situation
where the normal depth is found at the river mouth (Figure 2.3 a), a base level
rise would induce a boundary condition higher than the normal depth leading to
an M1 backwater curve (Figure 2.3 b). This M1 is characterized by downstream
increasing depths which induces aggradation due to bed shear stress reduction.
On the other hand, a relatively small base level fall will induce an M2 backwater
curve (Figure 2.3 c). In this case, downstream decreasing depths enhance erosion
due to increasing velocities and shear stresses.
The equilibrium situation is fictitious and not possible because such a sit-
uation is possible only if the delta is not prograding which contradicts mass
conservation. In the case where the base level is constant, delta progradation
makes the hydraulic boundary condition to be slightly more downstream and
thus slightly upper than the normal depth. This means that the situation with
no change in base level generates a slight M1 backwater curve causing aggrada-
tion over the fluvial reach. However, while in the case of a continuous rise the
20
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
Figure 2.3: Backwater curves over an M-type fluvial reach. (a) Situation where
the base level coincides with the normal depth. (b) Situation after base level
rise. (c) Situation after base level fall.
delta will eventually be abandoned (Muto and Steel, 1992, 1997; Muto et al.,
2007), when there is no change in base level the delta never stops prograding.
In the case of laboratory flume experiments it is important to take into
account another effect. If water flows out of the flume passing over a weir, the
critical depth will be found over the weir. This will create a local depth reduction
before the weir and a backwater curve upstream (M1 or S1 in a situation where
the weir is high relative to the normal depth). This means that although the
weir is not moved, the actual depth found at the brinkpoint of a migrating delta
changes in downstream direction.
2.4 Previous Experiments
2.4.1 Hendriks’ Experiments
A review is done in previous experiments related with Gilbert deltas under
laboratory conditions in order to gain insight into the important parameters in
the experiments such as the sediment used, the feeding rate, the initial condition
and the discharge. It is also important for being able to predict results such as
the progradation velocity of the delta and for not to make the same mistakes
than in the past.
Hendriks (2012) studied the formation of Gilbert-type deltas in flume exper-
iments with a constant base level. The flume experiments were conducted in
the Stevin III laboratory of the faculty of Civil Engineering and Geosciences at
TU Delft. The flume where he worked was 14 m long, 40 cm width and 45 cm
height. However, the width of the flume was reduced to 20 cm. He performed
two experiments. Nevertheless, the first one was in order to get in touch with
the flume, delta and sediment so there is one set of results.
The sediment used for the experiment was a well-sorted mixture of three
sediment fractions. The sediment was coloured in blue, red and yellow (fine,
medium and coarse respectively) in order to use an image analysis technique.
However, the sediment used for building the initial condition was composed of
a different mean size and it was not coloured.
The delta was created discontinuously in two runs. The conditions of his
experiment are summarized in the figure 2.4 and in a sketch in figure 2.5.
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Figure 2.4: Hendriks’ experimental conditions (Hendriks, 2012).
Figure 2.5: Sketch of Hendriks’ experiments (Hendriks, 2012).
After the creation of the delta, two vertical samples where extracted. These
samples were originated after introducing three metal sheets vertically in the
delta deposits separated 20 cm in streamwise direction. They were 16 and 16.5
cm height. The samples also took the whole width of the flume (20 cm). An
image of these samples can be found in figure 2.6.
Sample one was subdivided into layers of 1.5 cm thickness and in sample two
the thickness of the layers was chosen to be 1.0 cm. The grain size distribution of
each layer was analysed in areal (image analysis) and volumetric terms (sieving).
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Figure 2.6: Hendriks’ samples (Hendriks, 2012).
2.4.2 Important Issues
The agreement between both areal and volumetric results was acceptable (Hen-
driks, 2012) and experience was gained in the technical aspects. The most
important issues that are discussed in his project as further recommendations
and the issues we consider important for this project are:
• The sediment used for building the initial condition was different in size
and was not coloured. That is good for being able to differentiate between
the prograded delta and the initial condition while sampling, however this
choice has some inconvenience. The most important one is that is difficult
to do more than one experiment because while extracting the sediment
of the prograded delta after the experiment it is relatively easy to mix
both painted and not painted sediment so the image analysis will not be
able to work properly. Moreover in the last layer of the sampling some
sediment of the initial condition was visible and this produced a bias on
the results. Finally, in our opinion, although the difference in colour is
useful for determine where the limit between the prograding delta and the
initial condition is, will not be difficult to differentiate it if all the sediment
is coloured due to the sudden change in grain size distribution that will
be visible as a sudden change in colour.
• The width was chosen to be 20 cm trying in this way to perform an ex-
periment the closest possible to a 1-dimensional experiment. The problem
that was found afterwards was that due to the effect of the walls the delta
was advancing faster in the centre part than in the lateral ones producing
a parabolic front. It is supposed that working with a wider flume will
reduce this effect. Although the walls are not possible to eliminate, its
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effect on the centre part will be reduced while having a wider delta. The
other combined solution can be to study separately the samples near to
the wall and in the centre of the flume. As far as the delta is wider it is
possible to divide the samples in three parts in transverse direction so two
samples will absorb this effect and the centre one will be the closest to a
1-dimensional experiment.
• The presence of air bubbles attached to the sediment (specially the fine
and also to the medium fraction) was a problem that disturbed the strat-
ification of the experiment. It is supposed to be caused by the interaction
between the paint covering the sediment and the water. The proposed so-
lution for further research in Hendriks’ thesis is to add soap to the flume
in order to reduce the surface tension.
• The fact that the experiment was conducted in two runs created a clearly
visible interface between the sediment on the foreset of the two different
days (Figure 2.7). That is supposed to be related with the fact that the
sediment that was mobile before stopping the first run, was not mobile
any more at the beginning of the second run. The solution to this problem
comes by the fact of not stopping and conducting the experiment just in
one run.
Figure 2.7: Start and stop disturbances in Hendriks’ experiments (Hendriks,
2012).
• The sample thickness was chosen to be 1.5 cm at one sample and 1.0 cm
in the second one. Although it is said that it was difficult to extract thin
layers due to the handling of the vacuum pump, the results were obviously
more accurate with 1.0 cm layers and it was possible to achieve so the idea
is to follow the same approach.
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• The delta height achieved was 16 cm. At the beginning Hendrik had a
constrain in delta height due to a measurement technique that was going
to be used but this technique is not planned to be used in this study so
the only limit to the delta height is the flume height.
• The metal sheets introduced in the delta for dividing it into samples dis-
turbed the sediment around the sheets. The solution to this comes from
the possibility of sampling just the centre part between the two metal
sheets. In this way we allow a buffer zone between the disturbed part
near the metal sheet and the sample that is going to be analysed.
• The last item to pay attention is the problems of the image analysis tech-
nique when the presence of one sediment fraction is relatively small in
comparison with the other two. This occurred in the last layers where
the presence of fine sediment was relatively small in comparison with the
coarse and medium. The image analysis produced some problems.
2.5 Image Analysis
2.5.1 Introduction
Traditionally grain size distribution has been measured by sieving samples. The
result in this case is the volumetric fraction of each kind of sediment differenti-
ated by the opening size of the sieve. However some problems can be found in
this technique. The first and probably the most important one is the destruc-
tion of the sample itself. Once the sediment is extracted and stored, it is mixed
and the final information you get is the average volume fraction of the sample
but it is not possible any more to have the raw information another time, how
the sediment was deposited in the place where it was taken. Secondly, while
taking a sample the zone around this sample is disturbed. Whatever technique
is used for removing part of the sediment of a place has an effect on the sedi-
ment around this sample. This is even more important when samples have to
be taken subsequently one next to another one. Thirdly, while extracting, stor-
ing, sieving and weighting the sediment the chances of losing part of the sample
increase. Moreover this can produce a bias if one of the fractions is more likely
to be lost. This can occur while extracting samples with a vacuum pump where
the fine sediment is more likely to pass the filter than the coarse ones. The
last inconvenience is the required time. This method for analysing grain size
distribution is time demanding and requires an important effort.
For solving this issues different authors developed techniques for measuring
grain size distribution based on image analysis (Wilcock and McArdell, 1993,
1997; Wu and Yang, 2004; Heays et al., 2010). The strong points of the image
analysis are that, first, the sample is undisturbed. It is not necessary any
more to extract the sample for knowing the grain size distribution, just to take
a photograph it is enough. Moreover, the photograph is not destroyed so it
can be analysed in different manners: cutting and reducing the area it is being
analysed for focusing on one part or merging different photographs if an average
of a zone is required. Secondly, in this process there is no losses of sediment. The
sample analysed corresponds exactly with the information in the experiment.
Thirdly, there is no disturbance of the area around the sample and finally the
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required time for having the information and analyse it is definitely lower than
in the sieving technique. However, one should take into account that the result
obtained is an areal fraction of each kind of sediment and not volumetric as in
sieving. The same kind of result is obtained if the sampling is done using wax,
one obtain information just about the sediment that is present on the surface.
2.5.2 Orru´ et al. Method
In this study the image analysis technique used is based on the technique devel-
oped by Orru´ et al. (2013). In her technique the differentiation between grain
sizes is done by means of different colours. The sediment used in the experi-
ment has to be coloured and it will only be possible to distinguish between those
colours. So in advance one relates a colour with a grain size and the output of
the technique is an areal fraction of each colour.
The core of this method is the use of the algorithm k-means (MacQueen
et al., 1967) for clustering data. The number of clusters has to be fixed a priori
and the output of the method is the centroid of each cluster (Figure 2.8). The
algorithm minimizes an objective function that is the squared error from point
to each cluster by means of a loop. Is out of the scope of this thesis a deep
analysis of the algorithm but it is important to take into account that one input
is the initial positions of the clustering for starting the loop and that the result
depends on this input.
Figure 2.8: K-means example.(http://pypr.sourceforge.net/kmeans.html)
Orru´’s techniques is run on a Matlab R© code that can be summarized as
follows. Initially the image is loaded (Figure 2.9). When loaded, each pixel of
the photograph is represented by three numbers that correspond to the colour
of the pixel in RGB framework. The image itself is stored as a three dimensional
matrix where the row and column is the position of the pixel in the photograph
and the third component is for the amount of colour Red, Green and Blue. The
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image is then saturated (Figure 2.10). This saturation makes the colours more
differentiable between each other.
Figure 2.9: Image for being analysed.
Then the framework of the photographs is changed from RGB to CIELAB.
This change in the system of reference is done because CIELAB framework is
closer to the human interpretation of colours, it is designed for optimize human
vision. In this new framework we still have three components defining the colour
of each pixel, L (luminosity), a (colour from green to red) and b (colour from
blue to yellow) (Figure 2.11). However, one of the coordinates is not related with
the colour itself (the luminosity) and does not intervene in the colour clustering
so the information of the photographs is reduced to a bidimensional system of
reference (Figure 2.12). In figure 2.13 it is possible to appreciate the photograph
of figure 2.9 represented in a-b domain.
After this the clustering begins. First, as it has been said, the number of
clusters (different colours, 3 in our example) and initial positions of the centroids
must be introduced in order to be able to start the algorithm. These initial
positions are chosen as closer as possible to the final result for reducing the
computational time so one cluster centroid is in the blue zone, another in the red
one and the last one in the yellow part (in the example). The algorithm begins
an iteration process that converges to the actual centroid of each cluster. The
result is a division of all the pixels of the photograph in clusters (Figure 2.14).
Finally it is possible to reconstruct the original photograph but now with
each cluster separately (Figure 2.15). The number of pixels in each cluster is
counted and dividing it into the total amount of pixels in the photograph the
areal fraction of each colour (grain size) is obtained.
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Figure 2.10: Image after saturation process.
Figure 2.11: 3D CIELAB colour
domain.
Figure 2.12: 2D CIELAB colour
domain.
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Figure 2.13: Photograph expressed in a-b domain. Every dot in the figure
represents a pixel of the photograph. Its position over the horizontal plain (a-b)
is related with the colour of the pixel while its position in the vertical axes means
the amount of pixels in the photograph with the same coordinates (exactly same
colour).
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Figure 2.14: Clustered photograph expressed in a-b domain. In this figure it
is possible to see the same information than in figure 2.13 but also to which
cluster pertain each pixel.
Figure 2.15: Original photograph clustered
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2.5.3 Important Issues
The technique is proved to work properly (Orru´ et al., 2013). However some
issues have to be taken into account for this study.
• It is necessary to check if in the experiments of this study the result be-
tween the volumetric and areal fractions sufficiently agree. This is because
the results depend on the conditions of the photograph (angle of incident
light, intensity of the light, sediment humidity, focal distance of the cam-
era...).
• When the presence of one sediment fraction is much smaller than the other
two some problems have been found in the clustering.
• The computational time required for the analysis of a photograph is high.
This is not a problem for the analysis of a single element but in this study
it is supposed to have much more information than in the examples where
the Orru´’s method has been tried.
2.6 Mathematical Model
Jervey (1988) developed a model for delta evolution under the assumption that
the brinkpoint migration rate varies inversely with the base level change and
basin depth. Basically, the higher the base level change and the deeper the
basin the slower the delta migrates. This model does not take into account the
stratification of the sediment in case different grain sizes feeds the delta.
An evolution of this model is done by Viparelli et al. (2012, 2013). This
model numerically predicts the stratigraphy of a prograding Gilbert delta that is
subject to base level variations. The model is composed of three submodels: (1)
a delta progradation model (Swenson et al., 2000; Kostic and Parker, 2003a,b;
Wright and Parker, 2005a,b; Muto and Swenson, 2005; Swenson et al., 2005; Kim
et al., 2009), (2) the Hirano sediment conservation model for the fluvial reach
(Hirano, 1971), and (3) a lee face sorting model describing sediment sorting over
the foreset (Blom and Parker, 2004; Blom and Kleinhans, 2006).
As has been said, Viparelli’s model is able to reproduce the effect of a vary-
ing base level. A summary of the results is that, during sea level rise an M1
backwater curve is formed. This produces a reduction in bed load transport,
an increase in accommodation space in the delta foreset and a reduction in the
delta progradation rate. In this case, fine material is found along all the delta
foreset (Figure 2.16).
During base level fall we found the opposite effects. An M2 backwater curve
is created that produces an increase in bed load transport and a reduction in
accommodation space in the delta front. There is an increase in delta progra-
dation rate and coarse material is found in the lower part of the delta front
(Figure 2.17).
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Figure 2.16: Result of a base level rise according to Viparelli et al. (2012).
Colours are related with grain size. Yellow is coarse and dark blue is fine. It is
possible to identify the characteristics explained before on the delta front: large
accommodation space and fine material along the whole foreset.
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Figure 2.17: Result of a base level fall according to Viparelli et al. (2012).
Colours are related with grain size. Yellow is coarse and dark blue is fine. It is
possible to identify the characteristics explained before on the delta front: small
accommodation space and coarse material is found in the bottom part of the
foreset.
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Chapter 3
Experimental Set-Up
Nadie puede alcanzar la excelsa
sabidur´ıa, donde reside el tesoro
de la felicidad, sin tomar por gu´ıa
a la Necedad.
Elogio de la Locura
Erasmo de Rotterdam
3.1 Introduction
For achieving the objective of this thesis and answer the research questions, a set
of 6 experiments have been conducted. The experiments consist on a recreation
at laboratory scale of a Gilbert-type delta. The final objective is to study the
relation between the stratification and the variation of the base level. In this
chapter the programme followed and the technical aspects of these experiments
are explained.
3.2 Experimental Programme
3.2.1 Experiments Summary
An initial condition is created where a mildly sloped fluvial reach leads to a
step foreset that suddenly increases the water depth that decreases velocities,
shear stress and finally sediment transport capacity. During the experiments
sediment is introduced upstream. This sediment is carried over the fluvial reach
as bed load transport and settles after it crosses the brinkpoint. The down-
stream hydraulic boundary condition, the base level, can be varied during the
experiments while moving up and down a weir. Longitudinal profiles can be
obtained while the experiment is running by means of a movable carriage with
lasers and an echosounder on it. After the experiment finishes the stratification
is known measuring the grain size distribution of the whole delta.
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3.2.2 Programme
Initially the image analysis technique used for sampling is tested and compared
with the sieving results. This is done in the 3 preliminary experiments (Ap-
pendix A). In these experiments a short delta is created with no variation of
the base level. The measures in these experiments consist on an analysis of the
stratification along the vertical direction (depth) in two samples per experiment,
one in the centre part of the flume and the other next to the wall. With this it
is possible to check if the experiment is representative of a 1-dimensional delta.
For analysing the vertical stratification every sample is subdivided in a number
of horizontal layers.
After the technique is proved, 3 experiments are conducted where a long delta
is created with different variations of the base level. First with a constant base
level, then just rising the base level and finally varying the base level more than
a cycle. A proper analysis of the conditions of every experiment will be found
in Chapter 5. During the experiments longitudinal profiles are taken regularly
and afterwards the stratification (change in grain size distribution in vertical
direction), the variation of the stratification (how the stratification changes in
streamwise direction) and the pattern of the fluvial reach is studied
3.3 Flume Characteristics
The experiments have been done in the Water Laboratory (Stevin III) of the
Technische Universiteit Delft. The flume is the same used in Hendrik’s experi-
ments which dimensions are 14 meters long, 40 cm wide and 45 cm high. The
maximum discharge is approximately 88 l/s. It is possible to tilt it up to a 1%.
(Figure 3.1).
Upstream, an energy dissipation and flow regulating device is placed for
eliminating the disturbances of the incoming flow (Figure 3.2). The flow entering
to the flume is quite turbulent and it is necessary to make it straighter by
means of this device that forces the flow to run inside its small tubes reducing
the components of the velocity not parallels to the streamwise direction of the
flume. Downstream, a weir can be moved thus setting the water level at that
point (Figure 3.3). The weir is manipulated turning a wheel connected to a gear
thus providing enough accuracy in changing the base level.
There is no sediment recirculation as far as no sediment should reach the
downstream end of the flume because suspended sediment transport is not de-
sired and bed load should settle just after the brinkpoint. The water of the whole
laboratory is recirculated. It is stored in a tank, pumped up and then directed
to the different flumes. That means that the water used in these experiments is
also used in some others and vice versa.
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Figure 3.1: Flume. Image of the flume from downstream to upstream.
Figure 3.2: Flume. Image from inside the flume looking in upstream direction
where it is possible to appreciate the energy dissipation and flow regulating
device.
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Figure 3.3: Flume weir. It is possible to change the base level moving up or
down the weir.
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3.4 Sediment Characteristics
For being able to measure the stratigraphy it is per se necessary to have more
than one grain size. Moreover, the use of the image analysis technique implies
the necessity of using a poorly sorted mixture. This is because the technique is
able to differentiate colours so the analysis of the results will be done in terms of
the fraction of a colour present in a sample. Only in case the sediment is poorly
sorted there are clear intervals of grain sizes. If each interval is painted in a
different colour, the colour is directly related with an absolute (in terms of mm)
and relative (in terms of fine or coarse) grain size. Moreover, the comparison
between the volumetric and areal results is more accurate the poorer sorted is
the mixture so the sediment of one colour falling to a lower-than-theoretical
sieve or a particle of one colour not being able to pass through a sieve that
theoretically should cross, is minimized. Moreover, another limit come from the
fact that we seek an experiment where all the fractions are in movement and
none of them in suspended sediment transport. Taking this into account, three
different grain sizes are mixed for achieving the tri-modal mixture that is going
to be used in all the experiments. The finest size is 0.8 - 1.2 mm, the medium
size is 1.7 - 2.5 mm and the coarser one is 3 - 5 mm (Figure 3.4). The fractions
are 50% in weight for the fine sediment, 35% of medium size sediment and 15%
of coarse one. An image of the result of this sediment mix can be seen in figure
(Figure 3.5).
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Figure 3.4: Original grain size distribution (Orru´ et al., 2013)
The sediment is painted in order to be able to analyse the grain size dis-
tribution with the image analysis technique. The colours are chosen in order
to improve the results and are blue (RAL 5019) for the fine fraction, red (RAL
3020) for the medium one and yellow (RAL 1016) for the coarse one. A summary
of all the sediment characteristics can be seen in table 3.1.
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Figure 3.5: Sediment mixture.
Table 3.1: Table summarizing the sediment characteristics
Quantitative size Size [mm] Fraction [-] Colour
Fine 0.8 - 1.2 0.5 Blue
Medium 1.7 - 2.5 0.35 Red
Coarse 3 - 5 0.15 Yellow
3.5 Flow Characteristics
Two parameters can be changed for changing the flow conditions, the slope and
the discharge. The slope of the flume is fixed to 0 (completely horizontal flume)
so the slope of the fluvial reach will be the driving motor. The discharge is
fixed for every experiment and is measured knowing the height of water over a
second weir under the flume. After the water flows over the downstream weir
it falls to a canal that drives the water to the general tank (Figure 3.6). There
is a weir in this canal that allows a measure of the water height and then with
the Rehbock formula it is possible to calculate the discharge. Notice that the
discharge is measured at the very end so there is a high inertia in the process,
the time since one turn the valve until the new discharge is measured is quite
long.
As previously has been said, there is a boundary for the flow characteristics
that corresponds to a critical flow. In natural conditions these deltas are mainly
created in subcritical flows. Moreover, the mathematical model explained pre-
viously is set-up for a flow that is always subcritical (Froude number below one)
that allows the creation of M1 and M2 backwater curves over the delta.
In order to relate all the parameters playing a role (Froude, discharge and
depth) a figure is created where the Froude number is plotted against depth
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Figure 3.6: Canal under the flume. Image of the canal under the flume that
drives the water back to the general tank. In the spillway the water height is
measured for knowing the discharge.
depending on the discharge (Figure 3.7).
There is another boundary that limits the flow characteristics and is the
sediment transport capacity. The flow has to be able to always transport all
the fractions (so also the coarse one) during the whole experiment. Thus, the
bed shear stress has to be greater than the critical shear stress for the coarse
grains (taking into account the exposure and hiding effects) during the whole
experiment. If the flow is too low it is possible that a delta is created in the fluvial
reach because the sediment cannot be transported until the brinkpoint and
this, although an interesting phenomena, is out of the scope of this thesis. For
checking what is the minimum discharge-depth relation that enables sediment
transport, an experiment was conducted where for a fixed discharge the depth
was varied until there was no coarse material overpassing the brinkpoint. This
was done for different discharges and then a tendency was found (Figure 3.8).
If one considers both limits there is an interval where Froude number is
below 1 and there is sediment transport of all the fractions so the experiment
can be conducted. This interval depends on the discharge and is reflected in
figure (Figure 3.9).
After this experiment it was decided that the discharge for the experiments
would be 13 l/s so the boundary values (minimum and maximum depth at the
brinkpoint) were found to be 4.7 cm and 8.2 cm. Moreover, another important
parameter was extracted for this discharge. The equilibrium depth at the brink-
point where no erosion or sedimentation takes place if the feeding rate is 280
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Figure 3.7: Froude, depth at brinkpoint and discharge relation.
g/min was found to be 6.5 cm.
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Figure 3.8: Maximum depth. In this figure it is possible to see the tendency
that follows the limit relation between discharge and depth that allows sediments
transport.
Figure 3.9: Boundaries for depth at brinkpoint. Here both limits are plotted,
the minimum depth is the one under which Froude is larger than 1 and the
maximum depth is the one where above it there is no sediment transport of all
the fractions.
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3.6 Feeder
The sediment that creates the delta has to be introduced into the flow. This is
done by means of a feeder, a device composed by a box that stores the sediment
((2) in figure 3.10) and an engine that extracts it from the box and introduce
it into the flume (1). Then the sediment is distributed in transverse direction
using a wooden plate with elements that interact with the sediment making it
move to the lateral part (3). This wooden plate is explained in the next section.
The feeder is placed over the flume.
Figure 3.10: Sketch of the feeder. Composed by the box (1), the engine (2) and
the sediment distributor (3).
The box is 16.5x16.5 centimetres base and 53.5 cm high (Figure 3.11). It is
made of wood and it is composed by two chambers. Two holes connect these
two chambers and this is done in order to reduce the effect of the emptying
(Figure 3.12). Having these two chambers the pressure in the lower one is more
constant. From the lowest chamber a plastic half-pipe connects it with the
exterior and allows a screw to enter and extract the sediment. The calibration
of this device can be found in Appendix B.1.
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Figure 3.11: Image of the feeder.
Figure 3.12: Vertical view of inside the box (Hendriks, 2012). The holes that
connect the chambers are visible.
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3.7 Sediment Distributor
As has been explained, once the sediment is out of the box it has to be spread
in the lateral direction. This is done by what is called the sediment distributor
(Figure 3.10). It is important because we seek a one dimensional experiment
and the flume is 40 cm wide. If the sediment is just dumped in the centre it
will be necessary a longer stretch for having a uniform sediment transport in
transverse direction.
The first approach to this sediment distributor was to follow the idea of
Hendriks (2012) and build a tilted wooden plate with screws on it emulating
the Pascal triangle. However some problems were detected and it was improved
in successive attempts. The extensive explanation of how this evolving process
was can be found in Appendix B.3.
3.8 Air Bubbles
One problem mentioned by Hendriks (2012) was the air bubbles attached to the
sediment. He said that:
’[colored sediment] gave some problems with bubbles of air attaching
to fine and medium grains. This led to the deposition of fine and
medium grains at the base of the foreset, forming a bottomset, but
also further downstream, which (slightly) affected the stratigraphy.’
We considered important to identify and solve this problem before running any
experiment.
First the flume was run and painted sediment was added in order to identify
the problem. It was possible to see the same that Hendriks observed in his ex-
periments (Figure 3.13). We relate this problem to the surface tension between
the paint and the water. The paint used for color the sediment is a latex based
paint and it increases the surface tension so when the sediment enters the water,
it is more difficult for the water to wet all the surface of the grain so air bubbles
appear.
Eventually the solution to this problem was to add Dodecyl sodium salt,
a chemical agent that is able to reduce the surface tension. This product was
added as a powder and mixed with the sediment inside the feeder in a proportion
of 0.5 grams of salt per kilogram of sediment. However, for arriving to this
solution an experiment was performed for clearly identifying the problem and
then for finding the optimum solution. This is explained in Appendix B.2.
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Figure 3.13: Air bubbles in the sediment. It is possible to see how, if there is
no treatment, air bubbles attach to the colored sediment.
3.9 Turbulence Generator
After performing the second previous experiment a non-expected 2D pattern was
found. It is important to remember that we seek a one-dimensional experiment
where there is no variability in transverse direction. This 2D pattern consisted
in a lateral sorting of the fluvial reach. The coarse fraction was found mainly
in the lateral part with a cone shape starting down the feeder. A sketch of the
effect is exposed here (Figure 3.14).
We related this effect to two different causes. Firstly the sediment distribu-
tor. It was thought that the found pattern could we caused by the feeder if it
was unable to spread correctly the sediment in transverse direction. Secondly
the homogeneity of the flow. The experiments are run in a flume and its walls,
although made of glass, produce an undesired friction that may help to induce
this pattern.
For a better sediment distribution the wooden plate was changed as ex-
plained in Appendix B.3. As regards to the homogeneity of the flow, according
to Viparelli, the solution for this could be to have a more uniform flow in terms
of turbulence. The objective is to enhance a more uniform velocity profile in
transverse direction and for achieving this objective the idea is to put some
obstacles at the very upstream of the flume than generates enough turbulence
and mixing. This solution can be found in one of her experiments (Figure 3.15).
Thsis was tried at the beginning of the first experiment. Small concrete
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Figure 3.14: Sketch of the 2D pattern found in the fluvial reach in previous
experiment 2. The coarse fraction is mainly found in the lateral part but the
effect reduces with distance of the feeder.
pieces were put at the upstream part of the flume, just after the flow regulating
device (Figure 3.16). However, after running the experiment for 2 hours it was
found that the fluvial reach was tilting to the right. Instead of a flat fluvial
reach, it was turning a little bit along the streamwise direction. We thought
that the concrete blocks where modifying too much the velocity pattern creating
a predominant path (the right half of the flume) where the flow was going faster
and making it less homogeneous instead of more so it was decided to extract the
concrete blocks. After 2 more hours the fluvial reach was almost flat another
time. During all this process the transverse slope was small enough for not being
able to sort sediment in lateral direction. However the sorting along the fluvial
reach was solved what means that the main factor was the sediment distributor
and not the homogeneity of the flow.
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Figure 3.15: Upstream end of the flume in Viparelli’s experiment. It is possible
to see stones at the beginning of the flume with the objective of achieving a
uniform flow. (From Viparelli)
Figure 3.16: Turbulence generator. Upstream end of the flume at the beginning
of Experiment III. Some concrete blocks where placed for achieving a more
uniform flow.
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3.10 Initial Condition
An initial condition has to be made in order to start the experiments. The same
initial condition was used for all the experiments. Some requirements have to
be fulfilled:
• The downstream weir has to be far enough from the brinkpoint during all
the experiment. This is in order to avoid the backwater curve caused by
the flow over the weir.
• The feeder has to be far enough from the brinkpoint during all the ex-
periment. This is for allowing a long enough backwater curve along the
fluvial reach.
• The foreset has to be as high as possible for enhancing stratification.
Some other secondary preferences were:
• Try to use as less sediment in the initial condition as possible. The sedi-
ment has to be painted and it requires a great deal of effort and time so
it is interesting to optimize the initial condition for having to paint less
sediment.
• Generate the necessary slope with the initial condition and not by tilting
the flume.
• Not having a very rigid structure that prevents future changes.
Finally we had to make some assumptions:
• A 2.5 meters long delta is enough for the measures we are looking for.
• An angle of repose around 30 degrees is expected.
• A slope of 1/100 for the fluvial reach and the bottom foreset is appropriate.
The initial condition was designed considering these requirements, prefer-
ences and assumptions. From downstream to upstream: the distance from the
weir to the brinkpoint after the experiment was set to 2.5 meters, then we would
find after the experiment a 2.5 meters long delta and finally it should be 2.5
meters from the beginning of the delta (the starting position of the brinkpoint)
to the feeder. A wooden structure was designed for using less sediment consist-
ing in an elevated platform (Figures 3.17 and 3.18). This platform elevates the
bottom of the flume 15 cm in half of its length. The structure should not float
so it was attached to the flume with silicon and holes were done for allowing
water to enter. The sediment was placed following the figure 3.19. It is possible
to see an sketch of the whole initial condition in figure 3.20.
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Figure 3.17: Upstream part of the flume. It is possible to appreciate a black
wooden structure that elevates the bottom of the flume in half of its length.
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Figure 3.18: Downstream part of the flume. It is possible to appreciate the end
of the black wooden structure that elevates the bottom of the flume in half of
its length.
Figure 3.19: Predicted dimensions of the delta after an experiment.
Figure 3.20: Not-to-scale sketch of flume and initial bed: (a) weir, (b) motor
of the feeder, (c) sediment distributor plate, (d) feeder box, (e) energy dissipa-
tion and flow regulating device, and (f) wood structure are highlighted. The
coordinate x defining the streamwise direction is defined.
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Chapter 4
Measurement Techniques
Las pasiones, no so´lo hacen las
veces de pilotos para los que
quieren navegar hacia el puerto
de la sabidur´ıa, sino que tambie´n
suelen ser en todo acto de virtud
algo as´ı como la espuela y acicate
que estimulan a obrar bien.
Elogio de la Locura
Erasmo de Rotterdam
4.1 Introduction
In these experiments basically two set of measurements are needed. First we
want to measure how the delta evolves with time, what is the delta progradation
rate and if there is aggradation or degradation. And then we seek a measure of
the stratigraphy of the whole delta. During the experiments it is also necessary
to measure the base level (water level at the most downstream point) over
time. In order to achieve the first objective, longitudinal profiles are taken
while the experiment is running. Afterwards, when the experiment finishes and
the delta is dried again the stratigraphy is measured taking samples. Moreover,
for validating the image analysis technique three preliminary experiments were
conducted where we compared the areal results (image analysis) with the result
obtained using a different technique, the volumetric analysis (sieving). How all
these measurements are done and the samples are taken is explained in this
chapter.
4.2 Longitudinal Profiles
4.2.1 Introduction
It mainly consist in being able to measure the bed elevation, water elevation
and water depth in streamwise direction along the whole flume while water is
running on it. For this purpose two different techniques where tried using lasers
52
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
and an echosounder. Both consist in situating the measuring device over a
platform that can be moved over the flume. In this platform a profiler wheel is
placed that indicates the traversed distance (Figures 4.1, 4.2 and 4.3).
Both, laser and echosounder basically measure the needed time for an emit-
ted signal to reach an object able to make the signal to bounce and come back
to the measuring device. Thus, these devices give a one-dimensional measure
so placed vertically, pointing to the bottom of the fume, the signal bounce in
the bed or in the water surface. The time the signal travels is registered as
a voltage and a proper calibration gives you the relation between voltage and
distance from the device to the bouncer object (bed level or water level). There
are two differences however. In the case of the echosounder the signal is a ul-
trasonic wave and the device has to be placed underwater. On the other hand
the laser’s signal is light and the device has to be placed out of the water.
Figure 4.1: Platform with measuring devices. The platform is situated over the
flume and can be moved along it. Over it measuring devices are placed. It is
possible to appreciate the profiler wheel.
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Figure 4.2: Bottom part of the platform. It is possible to appreciate 4 lasers.
Figure 4.3: Front part of the platform. The echosounder, one laser and the pro-
filer wheel are found in the front part of the movable platform. The echosounder
is out of the water so it is not measuring.
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4.2.2 Laser
A micro-epsilon optoNCDT R© laser is used. Initially just the laser was used.
As has been said it has to be placed out of the water. The signal is able to travel
across the water and come back but the speed of the signal is not the same in
water than in air so it is necessary to use at least two lasers, one that bounces
in the water surface and another that bounces in the bed level. With these
two measures it is now possible to calculate all the distances (bed and water
elevation). For the one that has to bounce in the water surface, a piece of plastic
is placed in the surface so the signal bounce there. Due to the availability, four
lasers were placed in transverse direction measuring the bed level and one laser
was bouncing in the water surface (Figure 4.4).
Figure 4.4: Lasers in the rear part of the movable platform. Four lasers are
placed in transverse direction whose signal bounce in the bed level.
The system worked properly when the water surface was still enough. How-
ever, after the brinkpoint, turbulence and an increase of water depth made the
signal to be lost and too much noise was present. The system could still be used
but an echosounder was tried.
4.2.3 Echosounder
A Ultralab R© UWS echosounder was used. The strong points in comparison
with the lasers system is that just one measurement is required (so calibration
is simpler), the signal is stronger and as far as the device is underwater it is
not affected by the water surface bumps. The weak point is that the flow is
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disturbed by the measuring device (Figure 4.5). The echosounder was found to
be more reliable and this was the measuring device used in the experiments.
Figure 4.5: Echosounder placed in measuring position. The measuring device
has to enter approximately 2 cm into the water and that affects the flow.
4.3 Water Level
In order to be able to change the base level with accuracy the water level at
the most downstream point was continuously measured during the experiments.
A micro-epsilon optoNCDT R© laser was vertically placed at the end of the
flume pointing downward so the beam was directed to the water surface. A
piece of plastic was kept floating on the water under the laser so the beam
bounced on the plastic (that was at the same elevation than the water surface)
and in this manner a measure of the distance between the laser and the water
surface was obtained. Considering the height of the laser, the water elevation
was eventually obtained. The plastic is necessary because the beam is powerful
enough for travelling through the water.
4.4 Sampling Procedure
4.4.1 Introduction
The core of the experiments is the analysis of the stratification. In these ex-
periments an image analysis technique was used for measuring the grain size
distribution. As explained before (Section 2.5), the input for this kind of anal-
ysis is a vertical photography of the sample to be analysed. Two different
sampling procedures were followed, one for the preliminary experiments where
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the result of the image analysis was compared with the result of the volumetric
analysis and a the other for the real experiments.
4.4.2 Preliminary Experiments
In these experiments the objective is to be able to analyse the same information
in two different ways for checking if they match. However, is not exactly the
same information because one result is based on the areal grain size distribution
and the other one is based on the volumetric one. The procedure followed was
an evolution of the one used by (Hendriks, 2012).
Two metal sheets of the same width than the flume (40 cm) were vertically
introduced into the delta separated by 40 cm in streamwise direction. A plastic
grid was then put over the delta in between the metal sheets. This grid had
4 divisions in streamwise direction and 3 in transverse one. In this way there
are two buffer zones next to the metal sheets for preserving two undisturbed
samples in the centre part of the stretch. Moreover in lateral direction there
are three samples, one for each lateral part affected by the wall effect and one
for the centre part. Once the grid is placed, photographs are taken of every cell
independently. For taking the pictures a flood light is used that reduces the
shadows of the grains (Figure 4.6). When all the cells are photographed, it is
necessary to physically extract the sample that correspond to each photograph
and store it. For extracting the sample a vacuum pump is used. Lines separated
one centimetre are drawn along the flume glass walls that allow a better control
of the sample height. An enough resistant vacuum pump filter is created that
substitutes the original one. When all the samples are extracted the next sample
is visible and ready to be photographed. This loop is repeated until the bottom
of the foreset is reached (Figure 4.7).
In this way the delta stretch is divided in samples separated one centimetre
vertically and each sample is then subdivided in 6 subsamples. However, before
the photos can be analysed they have to be cropped for eliminating the frame
and/or the flume wall from the image so just sediment is visible on the photo-
graph.
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Figure 4.6: Preliminary experiments sampling procedure. In this figure how the
metal sheets, grid, photo camera and flood light are disposed for taking the first
sample is shown.
Figure 4.7: Situation of the delta stretch when half sampling is done.
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4.4.3 Experiments
In the experiments no comparison between volumetric and areal analysis is done,
just the areal one is used so the sampling procedure does not require to keep
the sediment after taking the pictures. Moreover in these experiments the whole
delta is analysed, not just a stretch. For this purpose a different procedure is
followed. Initially, the camera and flood light are placed the more upstream that
is possible in the fluvial reach. All the surface is then photographed until the
brinkpoint. The width of each photo is fixed to the width of the flume so each
photograph corresponds to a sample of 25 cm in streamwise direction. When all
the surface is photographed a one centimetre height layer along the whole delta
is pumped out using a vacuum pump following the slope of the fluvial reach.
The next sample can now be photographed. In this way, no metal sheets are
necessary and the process is fast and accurate (Figures 4.8, 4.9 and 4.10).
In this procedure there is no frame or flume wall in the photographs. Directly
the whole image is sediment and can be analysed but they are too big (25 cm
in streamwise direction and 40 cm in transverse direction). For increasing the
resolution of the results every photograph is subdivided in small photographs of
6.25 cm in streamwise direction and 40 cm in transverse direction that can be
another time cropped for removing the wall effect and analyse just the centre
part of the flume. An sketch of the sampling procedure can be found on Figure
4.11.
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Figure 4.8: Initial stage of the sampling.
Figure 4.9: Half sampling.
Figure 4.10: Final stage of the sampling.
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Figure 4.11: Sketch of the sampling procedure.
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4.5 Areal Analysis
4.5.1 Introduction
The photographs are analysed for obtaining the grain size distribution based on
the amount of sediment of each colour present in each photograph. The method
for doing this is based on Orru´ et al. (2013) method. From now on, the initial
method developed by Orru´ will be called kmeans and the new one explained in
the next subsection forced centres.
4.5.2 Forced Centres
This variation of Orru´’s method comes from the fact that it is not necessary to
every time search for the centroids that minimizes the distances of the pixels to
every centroid if the colours of the sediment are always the same. As explained
previously (Section 2.5), the centroid of each cluster is the average colour of the
pixels labelled with one colour. In a photograph, all the pixels that correspond
to grains painted in, for example, blue, are grouped in the same cluster but
the colour is not exactly the same. Different tones are present. However, the
centroid of this cluster will be the average blue. That means that although in
every photograph the blue grains are not the same and its colour will be slightly
different the average will be approximately the same so we know in advance
where the centroid is placed.
It is very useful to use this property because there is no minimization of
distances, just one calculation of pixel-to-centroid distance is necessary and
the computational time is drastically reduced. The procedure is to load the
photograph and convert it to CIELAB coordinates as in kmeans. Then the
pixel-to-centroid distance is calculated. Each pixel will pertain to the cluster
whose centroid is closer to him.
The main conceptual difference between both methods is that while using
forced centres the number of different colours (clusters) and the definition of each
colour (centre) is an input while in kmeans just the number of different colours
is an input. Apart from the computational time there is another advantage.
As was said (Subsection 2.5.3), kmeans sometimes performed a bad clustering
because one fraction of sediment was not enough present and the differences
between tones in the same colours where relatively higher than the difference
between different colours and as a results there where two clusters for the same
colour and one cluster with two colours. This is solved when using forced centres,
the relative amount of pixels of one fraction does not affect the clustering process
(Figures 4.12, 4.13).
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Figure 4.12: Photo 010107exp2 analysed with kmeans. This is an example of
a photograph whose grain size distribution has been analysed with kmeans and
the result is not satisfactory.
Figure 4.13: Photo 010107exp2 analysed with forced centres. This is the same
photograph than before (Figure 4.12) but analysed with forced centres. The
bad clustering is solved.
4.6 Volumetric Analysis
In the preliminary test, as was said, the samples are not only analysed with the
image techinique but also sieving them. For extracting the samples a vacuum
pump Karcher R© WD2200 (Figure 4.14) is used where the filter is modified
(Figure 4.15). For sieving the samples a sieving machine with 1.4 and 2.8 mm
sieves is used (Figure 4.16).
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Figure 4.14: Vacuum pump used in the experiments.
Figure 4.15: Modified filter of the
vacuum pump.
Figure 4.16: Sieving machines and
sieves used for the volumetric sam-
pling.
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Chapter 5
Experimental Results
So´lo el hombre es el que intenta
franquear los l´ımites que le ha
impuesto la Naturaleza.
Elogio de la Locura
Erasmo de Rotterdam
5.1 Experiments Summary
As has been said previously, three experiments were conducted. In this chapter
the results are presented and here an explanation of the conditions and inten-
tions in these three experiments are introduced.
In all three experiments the boundary conditions where the same but the
base level. The discharge was set to 13 l/s, the feed rate to 280 g/min (ap-
proximately) and they all had the same initial condition. The reason why these
values were chosen is on Chapter 3. As regards to the base level, on Experiment
I it was kept constant, on Experiment II a base level rise was imposed and on
Experiment III a variation of more than a cycle was conducted. The main idea
was to reproduce a sinusoidal base level variation. However, due to technical
reasons the minimum possible step in base level change was 0.5 cm so the sinus
needed to be approximated to a constant function with changes of half a cen-
timetre. The amplitude of this sinus function is not important as far as the time
steps are long enough for allowing the bed level of the fluvial reach to sufficiently
aggrade (in case of base level rise) for never having a depth at the brinkpoint
over the limit depth that stops sediment transport. In other words, when a base
level rise the base level steps are 0.5 cm. In between base level steps the bed
level has to increase (aggradation) enough otherwise after the next base level
step the depth can be deep enough for not having sediment transport. In case
of a base level fall the time steps are also limited. They need to be long enough
for allowing erosion in the bed level so after the next time step the depth at the
brinkpoint is still over the limit so the flow is still subcritical. Finally, all the
experiments were conducted continuously, without stopping for avoiding start
and stop disturbances on the stratigraphy.
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More in detail, Experiment I had a duration of 14 hours where the base level
was constant (Figure 5.1) and fixed to the value that initially produce a depth
at the brinkpoint of 6.5 cm. This value was proved to be the equilibrium depth
for that solid and liquid discharge (Section 3.5). The duration of the experiment
was calculated for having a long enough delta (approximately 2.2 m) for being
able to have enough samples.
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Figure 5.1: Base level variation on Experiment I. In Experiment I the base level
was kept constant and had a duration of 14 hours.
In Experiment II a base level rise was imposed approximating a quarter of a
sinus function with a period of 92 hours and an amplitude of 2 cm. The period
was that long for having long enough steps and avoid the problems mentioned
before about too much depth at the brinkpoint. Thus, the duration of the
experiment was 23 hours plus 2 hours of constant base level at the beginning for
being sure that the important information of the stratification is not affected
by the initiation of the experiment (Figure 5.2).
N V S N S V O N O V
N
N U V
S
S U V
O
W X Y Z [ \ ]
^ _
`
a
b
c
a d
e
f g
d
h
g
_
f
_
g
_
e
i
_
j
i
h
k
l m n o l p q l r s p s t s p t l u v l n v w x
r v x o r w v y l p t l u v l n v w x
Figure 5.2: Base level variation on Experiment II. The base level was forced to
rise following a quarter period of a sinus function with a period of 92 hours plus
2 hours of adaptation.
As regards to Experiment III, the imposed base level was 1.25 times a period
of 20 hours and an amplitude of 1 cm. Half an hour of fixed base level at the
beginning was added for the same reason than in Experiment II. Thus it was
25.5 hours of uninterrupted experiment (Figure 5.3).
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Figure 5.3: Base level variation in Experiment III. In this Experiment the base
level was forced to follow an approximated sinus function with a period of 20
hours and an amplitude of 1 cm during 1.25 times the period plus half an hour
of adaptation time.
5.2 Delta Migration
An equilibrium bed slope is defined as the one that, for a given discharge,
creates the flow velocity that is required for transporting the load supplied from
upstream (Mackin, 1948). In a similar sense, the equilibrium flow depth is the
one associated with that slope. Considering this, in a prograding delta that
continuously increases its river length, it is not possible to formally achieve an
equilibrium slope.
Due to sediment delivery to the delta brinkpoint, the fluvial reach is length-
ening. As a result the fluvial reach needs to aggrade in order to maintain its
slope and so its sediment transport capacity. Aggradation, by definition, results
in a decrease in the sediment transport rate in streamwise direction (Exner
(1920) from Paola and Voller (2005)). This spatial gradient in the sediment
transport rate results in a decrease in bed slope in streamwise direction. The
resulting shape is an upward concave profile (Gilbert, 1890; Mackin, 1948; Tan-
ner, 1971; Friedrichs and Wright, 2004). This concave profile can be observed
in our Experiments (Figures 5.4, 5.5 and 5.6).
Joining the successive streamwise positions of the brinkpoint over time, a
conceptual line is created that we call the brinkpoint migration line. Another
conceptual line is created separating the topset from the foreset deposit. This
line is called the topset-foreset division line. These two lines coincide if there is
no variation in base level or base level rise. However, if base level fall induces
degradation of the fluvial reach (i.e. into the topset deposit), the brinkpoint
migration line no longer agrees with the division line between the topset and
foreset deposits. In case of delta progradation without change in base level, one
should expect the division between topset and foreset deposits to be a horizontal
plane (Gilbert, 1890) (Figure 5.7 a). Slowly rising base level leads to a larger
topset aggradation rate and an increase in foreset height (Figure 5.7 b). If there
is base level fall, the result is degradation into the topset (and foreset) until the
depth and slope of the fluvial reach have adjusted (Figure 5.7 c).
The delta progradation experiment by Ferrer-Boix et al. (2013) is a example
of such a base level fall experiment although the base level was maintained
constant. This is because the base level was such that an M2 backwater curve
was imposed to the fluvial reach causing degradation of the topset.
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Figure 5.4: Topset profiles at the final stage of the Experiment I. A parabola
has been fit only to confirm the profile’s concavity.
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Figure 5.5: Topset profiles at the final stage of the Experiment II. A parabola
has been fit only to confirm the profile’s concavity.
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Figure 5.6: Topset profiles at the final stage of the Experiment III. A parabola
has been fit only to confirm the profile’s concavity.
Figure 5.7: Delta progradation after a phase of (a) constant base level, (b) base
level rise, and (c) base level fall.
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The brinkpoint migration rate is related to the sediment filling the accommo-
dation space over the topset. In a prograding delta it is possible to distinguish
between the sediment needed to fill the accommodation space resulting from
delta progradation and the one due to a base level rise. As explained before,
taking into account that the topset increases its length with time the result
of delta progradation is not a steady delta migration rate because the accom-
modation space increases with time. A slower progradation rate is therefore
expected even though there is no change in base level. Moreover, note that dif-
ference between the slope of the bottom and the one of the fluvial reach makes
the foreset increase in height even when there is no change in base level (Ex-
periment I in Figure 5.8). Experiment I turned out to be not long enough for
both effects to be visible (Figure 5.9). Base level rise slows down the brinkpoint
migration rate due to the resulting increase in accommodation space over the
fluvial reach (Figure 5.10). Likewise, base level fall results in an increase in the
brinkpoint migration rate (Figure 5.11). The effect of base level rise or fall on
the brinkpoint migration rate depends on the length of the fluvial reach. The
larger the length of the fluvial reach the longer it takes for the bed to adjust to
the variation in base level, as the accommodation space will be larger. Note the
slight general decrease in brinkpoint migration rate in Experiment II in Figure
5.10. Superimposed to this trend there are phases of sudden and temporary
reduction in progradation rate after every discrete change in base level (Figure
5.10). The period of this reduction increases in time because the fluvial reach
lengthens and therefore the accommodation space increases
In Experiment III (Figure 5.8) the phase of base level fall is an example of
degradation. Fall induces degradation over the fluvial reach, which increases
the amount of sediment delivered to the brinkpoint, which enhances brinkpoint
migration (Figure 5.11). Note the difference between the brinkpoint migration
rate in the two rising phases due to the different topset length. Also note the
temporary effect of the discrete change in base level for both rise and fall. When
the flow depth is adjusted, only progradation continues to play a role
When starting an experiment the bed consists of the parent material and
needs create an armor layer for increasing the exposure of the coarse fraction and
being able to transport it. This creates some degradation and a relatively fast
brinkpoint migration in the starting phase of a run (Figures 5.9, 5.10 and 5.11).
A second comment is about the irregularity in the delta front slope (Figure
5.8). The delta advances through the formation of a wedge and discontinuous
avalanches, and therefore the slope varies in time.
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Figure 5.8: Bed elevation, from blue to red indicating time. Profiles were taken
every 0.5 hours approximately.
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Figure 5.9: Delta migration in Experiment I. In this figure the brinkpoint
streamwise position over time (green) and the bed elevation at the initial brink-
point position (x=152 cm) over time (red) are plotted over the base level (blue).
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Figure 5.10: Delta migration in Experiment II. In this figure the brinkpoint
streamwise position over time (green) and the bed elevation at the initial brink-
point position (x=152 cm) over time (red) are plotted over the base level (blue).
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Figure 5.11: Delta migration in Experiment III. In this figure the brinkpoint
streamwise position over time (green) and the bed elevation at the initial brink-
point position (x=152 cm) over time (red) are plotted over the base level (blue).
5.3 Stratigraphy of Delta Deposit
In order to be able to easily interpret the results, the areal fractions of each
sample (Fi) are converted into a geometric mean grain size (dm):
dm = dref2
−Φm (5.1)
where Φm denotes the arithmetic mean grain size:
Φm =
N∑
i=0
ΦiFi (5.2)
where Φi denotes the grain size of size fraction i on Φ−scale and N denotes the
number of fractions:
Φi = − log2
(
di
dref
)
(5.3)
where di denotes grain size, and in which the reference grain size dref equals 1
mm. The notation with dref is used as it makes Φi correctly dimensionless.
The resulting stratigraphy in Experiments I, II and III is presented in Figures
5.12, 5.13 and 5.14 respectively. The data on the 0.03 m near either flume wall
has not been used because, due to the slightly parabolic front of the delta, it
was coarser than the center part. As explained before, the characteristic upward
fining due to avalanching processes is visible in the foreset. Besides, the foreset
deposit presents a variation in downstream direction. These characteristics will
be addressed in further detail in the next few sections.
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Figure 5.12: Stratigraphy in Experiment I, geometric mean grain size over the
entire delta averaged over the flume width (excluding 0.03 m near either flume
wall). Both the measured initial and final bed elevation profiles are presented
together with the brinkpoint migration line.
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Figure 5.13: Stratigraphy in Experiment II, geometric mean grain size over the
entire delta averaged over the flume width (excluding 0.03 m near either flume
wall). Both the measured initial and final bed elevation profiles are presented
together with the brinkpoint migration line.
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Figure 5.14: Stratigraphy in Experiment III, geometric mean grain size over the
entire delta averaged over the flume width (excluding 0.03 m near either flume
wall). Both the initial (estimated) and final (measured) bed elevation profiles
are presented together with the brinkpoint migration line.
5.4 Sorting Over Fluvial Reach
Over the fluvial reach sediment was transported as bed load sheets on top of a
mobile armor (Figures 5.12, 5.13, and 5.14), which increases the transport rate
of the coarse grains and enables the reach to transport the sediment fed to the
flume downstream. Moreover, the topset shows downstream fining (Figure 5.15)
due to the decrease in mobility of the coarse sediment in streamwise direction
caused by the streamwise decrease in bed slope (Parker, 1991a,b; Paola et al.,
1992). Please note in Figure 5.15 the general fining tendency shown as a decrease
in mean grain size and a decrease in coarse fraction, and the peaks in fine fraction
(and subsequent sharp decrease in mean grain size) indicating the presence of a
bed load sheet (especially visible in Experiment III) (Figure 5.16).
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Figure 5.15: Sorting over the fluvial reach, expressed in terms of mean grain
size (upper figures), as well as the areal fraction content of each size fraction
(lower figures). The term actual feed refers to the mean grain size of the feed
sediment.
76
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
Figure 5.16: Fluvial reach in Experiment III, composition of all the photographs
(left) and sketch (right). The bed load sheets are appreciable.
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5.5 Mean Grain Size of the Foreset Deposit
The streamwise variation of the stratigraphy within the central part of the
foreset deposit is studied to obtain an estimate of the mean grain size of the
bed load passing the brinkpoint over time. As suspended load was negligible
(Subsection 3.4), all sediment that passed the brinkpoint settled in the foreset
and so a hindcast can be done of the grain size distribution of the brinkpoint
load.
The first step is to interpolate the stratigraphy within the foreset results. To
this end we interpolate the areal fraction content of each size fraction. In the
intersection between lines parallel to the foreset and the areal fraction (Figure
5.17), we find the areal fraction content of each size fraction when the foreset
was at a certain position which is the same as the brinkpoint load at a certain
time. Thirdly, these data are integral-averaged according to the distance in be-
tween subsequent points and thus the average areal fraction content of each size
fraction is obtained. With this information it is now possible to compute the
geometric mean grain size of the bed load that passed the brinkpoint. Eventu-
ally, the information that is a function of a streamwise position of the lee face
is related to the time that the lee face was formed according to the brinkpoint
migration information. Figure 5.18 presents this information together with the
mean grain size of the entire delta deposit (i.e. the selective feed).
In all three experiments we can observe an initial fine phase due to extracting
sand from the fluvial reach to form the mobile armor (Figure 5.18). This is
confirmed by the initial slight topset erosion (Figures 5.9, 5.10 and 5.11). The
bed load sheets are not visible in these figures because they are averaged out.
The samples of the delta correspond in average to approximately 0.5 hours of
delta progradation and so contain multiple bed load sheets.
Apart from the fine phase at the start, Experiment I (Figure 5.18) does
not show a clear increasing or decreasing trend, indicating that the grain size
distribution of the brinkpoint load is more or less constant over time. In Ex-
periment II, after the phase of forming the mobile armor, the topset seems to
be slightly coarser than fed sediment. This means that the sediment flux to the
substrate is mainly formed out of the bed load with only a small influence of the
coarser bed surface (Hoey and Ferguson, 1994). The coarsening of the brink-
point load may be driven by a decreasing in added topset area per unit time.
The topset aggrades and increases its volume (or area, if we consider volume
per unit width). However, a declining increase in area per unit time implies (in
case of an aggradational flux coarser than feed sediment) a gradual coarsening
of the brinkpoint load.
In Experiment III (Figure 5.18), it is possible to identify four stages: (1)
the initial fine stage and subsequent coarsening due to the formation of the
mobile armor (between 0 and 2.5 hours), (2) a fining of the brinkpoint load
during the remainder rise period (between 2.5 and 7 hours). This may be due
to the selective trapping of coarse sediment as the coarse fraction is close to
incipient motion. As in Experiment II, the aggradational flux to the substrate
is slightly coarser than the fed sediment. However, in this case, the rise is faster
thus provoking a stronger M1 backwater curve that enhances selective trapping.
(3) A coarsening of the brinkpoint load followed by a fining after 12 hours
during the fall period (between 7 and 16 hours). Fall induces an M2 backwater
curve and degradation first of mobile armor thus provoking an initial coarse
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Figure 5.17: Intersection of the volume fraction content of the fine size fraction
and a line parallel to the foreset (green) for Experiment II.
bed load. Later on, the finer topset deposit underneath the armor is eroded
explaining subsequent fining. (4) A relatively fine brinkpoint load during the
last rise (between 16 and 25 hours) which may be due to a combination of armor
formation and selective trapping of coarse sediment.
It is important to take into account that during the base level fall phase, the
top part of the foreset deposit was eroded (Experiment III in Figure 5.8).
In the interpretation of a formerly active Gilbert delta in the field, only
the stratigraphy is known. In such cases, it is advised to try to identify the
topset-foreset interface line. This topset-foreset interface line can be recognized
from: (1) the sudden change in dip of the sediment layers, nearly horizontal
for the topset and close to the angle of repose in case of the foreset. And (2)
its sharp vertical transition in grain size: coarser sediment in the topset versus
the finer sediment in the upper part of the foreset. Then, a streamwise increase
(decrease) in the elevation of the topset-foreset interface indicates paleo sea level
rise (fall). The analysis of the stratigraphy allows for a reconstruction of the
brinkpoint load thus providing a tool for understanding changes in paleo sea
level.
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Figure 5.18: Mean grain size of the brinkpoint load over time. The upper plots
show the imposed base level variation.
5.6 Sorting Over the Foreset
Once the bed load passes the brinkpoint it avalanches over the foreset, thus
making the delta prograde. In this avalanching process, sorting of the different
size fractions takes place producing the characteristic upward fining stratigraphy
(Blom et al., 2003; Kleinhans, 2004; Blom and Kleinhans, 2006). In all our
experiments the grain size distribution within the upper half of the foreset is
more or less uniform with a presence of around 85% of fines (Figure 5.19).
On the lower half of the foreset height we find also the medium and coarse
fractions, gradually reducing the presence of fines in downward direction until
their presence is negligible on the foreset bottom.
Blom and Kleinhans (2006) predict a linear variation of the volume fraction
content of each size fraction over the foreset. In our case, the lack of fining over
the upper half seems to be due to relatively large volume fraction of fines in the
brinkpoint load. This large volume faction of fines appears to let the coarser
fractions roll down to the base of the foreset more easily.
The topset deposit is found above the foreset one. Note the relatively coarse
topset in comparison with the upper part of the foreset and the clear interface
between the topset and foreset (Figure 5.19).
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Figure 5.19: Vertical stratification at x=354 cm in Experiment II. The vertical
dashed lines indicate the weight fractions of the feed sediment.
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Chapter 6
Recommendations
Reconozcamos que las ciencias
fueron introducidas como una de
tantas calamidades de la vida
humana.
Elogio de la Locura
Erasmo de Rotterdam
6.1 Introduction
In this Chapter, general ideas for improving the experiments are presented.
During the research we found some problems that due to the limited time could
not be solved in the most appropriate manner. Instead, some partial solution
had to be applied and in this chapter possible better solutions are presented.
Another feature are the ideas that emerge and cannot be deeply studied also
because of a lack of time. Here are presented for inspiring future research.
6.2 Feeder
6.2.1 Introduction
There were two main problems with the feeder. The first one is that although
the sediment distributor plate was improved in successive attempts, it was not
perfect and in our opinion it is difficult to achieve perfection following the idea
of putting obstacles to the sediment along a plate making it to move to the
laterals. The second problem is related with the dropping of the sediment from
the box. During the experiments one should be continuously paying attention
to the feeder because sometimes it got clogged.
6.2.2 Sediment Distributor
The objective of the sediment distributor is to spread the sediment that falls
from the box of the feeder in transverse direction. It is not only necessary to
correctly spread the mass but also the grain size distribution so the proportions
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of fine, medium and coarse sediment are the same in lateral direction. We find
the actual solution limited for solving the problem. When placing the obstacles
for making the sediment to bounce on them and spread the main variable is
the distance between obstacles, in other words, the width of the gap in between
obstacles. When this gap is narrow a lot of sediment is able to arrive to the
most lateral part and the opposite when it is wide. However, when it is narrow
the coarse sediment is less able to pass through it so there is a lack of coarse in
the centre. On the other hand, when this gap is wide although there is more
sediment in the centre than in the lateral parts the grain size distribution is
acceptable. Summarizing, narrow gap implies a good mass distribution but an
unacceptable grain size distribution and vice versa.
For solving this, a different concept is required. The idea is to directly spread
in lateral direction the sediment in the same way that falls from the box. Instead
of dropping the sediment in the centre and spread it with a plate, make a device
able to transport the sediment from the centre to all the width of the flume.
The basic concept is to use a pipe that describes a circumference arc where one
side is under the box, in the centre of the circumference, and the other side
moves describing an arc of (for example) 135 ◦ carrying the sediment to all the
width (Figure 6.2). Following the same concept a funnel whose small hole is not
centred can also be used. In this case the sediment falls from the box to the
funnel and it is distributed by the small hole that describes a circumference arc
if the funnel is turning because it is not centred (Figure 6.1).
Figure 6.1: Skecth of a possible new feeder.
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To apply this solution is not easy because there is a lack of room in the feeder
for adding this and another engine is needed. Moreover the turning velocity of
the engine cannot be constant. If it is constant more sediment will fall in the
lateral parts because more length (and thus more time) of the circumference
is in the lateral part of the flume. For counteract this effect the engine should
be able to make the pipe or funnel to describe a circumference whose turning
velocity is an arccosines function of the angle turned (Figure 6.3).
Figure 6.2: Sketch of the principle for distributing the sediment. Sediment falls
from the box to the pipe (red, point A) and the pipe transports it until point
B that is turning describing a circumference, in this example, of 180 ◦. The
starting point is O.
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Figure 6.3: Comparison between the distribution offered by a constant velocity
and an arccosine velocity. transverse position 1 it is when point B coincides with
point O of figure 6.2. transverse position -1 it is when point B has described
180 ◦. A constant velocity drops more sediment in the lateral than in the centre.
6.2.3 Box
For solving the problem of the sediment getting clogged in the box, one possible
solution is making a bigger wider box that avoids the arc effect inside of it.
Moreover, the two holes that connect the chambers of the box should be bigger
or probably it is better to remove the two chambers and reload the feeder more
frequently for always having a constant pressure avoiding the problem of the
holes. Finally, a longer screw in the engine totally inside of the box instead of
partially in, could also help to improve the mechanism.
6.3 Initial Condition
One of the characteristics of the initial condition was the slope of the bottom
part of the foreset. It was set to 1/100. The equilibrium slope resulted to be
lower than this value and as a result the foreset height increased in streamwise
direction. This was interesting as far as we could discover this mechanism that
played an important role in the stratigraphy. However, some experiments where
the slope of the initial condition is the same than the one of the fluvial reach
would be interesting for avoiding this effect and isolating the others. Moreover
this would simplify the sampling procedure because as far as the delta is shorter
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at the beginning than at the end, there are not the same number of samples and
at the bottom part some samples are very narrow and some a little bit more
thicker.
6.4 Flume
The flume has some silicone for joining the different glass panels at the laterals.
It was seen (Figure 6.4) that these joints produced some kind of disturbances in
the water surface so probably (although small) also on the stratigraphy. Better
smoother joints preventing this effect would also improve the experiments.
Figure 6.4: Disturbances on the water surface due to the flume joints. Flow is
going from down to up and it is possible to see the stationary waves produced
by the joints of the flume walls.
6.5 Forced Centres
For analysing the images the algorithm forced centres was used (Subsection
4.5.2). In this algorithm it was necessary to introduce as an input the centres
of each cluster. For obtaining these centres of clusters the procedure was to
analyse the fluvial reach photographs with k means and then find the centroid
of these centres for having an average. These were the coordinates used in forced
centres. In other words, the photographs of the fluvial reach (that represent ap-
proximately a 5% of the total) where analysed with k means. These photographs
always gave good results in terms of clustering because all the fractions were
sufficiently present and the number of photographs was small enough for check-
ing all the results visually. K means give as an output the centre of each cluster
86
Flume experiments on sorting over a Gilbert delta Vı´ctor Chavarr´ıas
so after analysing the fluvial reach there are as much centres of, for example,
blue cluster as photographs of the fluvial reach. Averaging all these centres an
average blue cluster centre for being used in forced centres is eventually found.
This worked properly but it is not an objective method. It is necessary to
find a method independent on the sorting over the fluvial reach that can be used
always with a good result.
6.6 Scale Effects
In this project no scale effects were taken into account. The objective of the
thesis is to gain insight on the processes that take part in the stratigraphy of a
Gilbert delta and it is not to reproduce a scale Gilbert delta in the laboratory.
However, future experiments scaling Reynolds and Froude numbers could be
interesting for a better understanding of nature.
6.7 Constant Base Level
It was explained (Section 5.2) that although the base level is fixed there is no
constant brinkpoint migration rate because of the topset aggradation. However,
this was not proved because Experiment I was too short for being able to see
this change in velocity. Repeating this experiment but longer would allow to
see this tendency.
6.8 Bed Load Sheets
Eventually, no research was done on the bed load sheets. They were visible
during the experiments but there was no way of recording them. The only
proof we have is the stratigraphy of the fluvial reach so the bed load sheets
present in the fluvial reach when the experiment stopped. A deep analysis of
this phenomenon could include to measure characteristic lengths and velocities
apart from grain size distribution relative to the fluvial reach, periods and wave
lengths.
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Chapter 7
Conclusions
El esp´ıritu humano esta´ hecho de
tal manera que le es ma´s accesible
la ficcio´n que la verdad.
Elogio de la Locura
Erasmo de Rotterdam
Laboratory experiments have been conducted in order to gain insight on the
stratigraphy and its variation within Gilbert-type deltas under variable base
level conditions. Three experiments have been conducted: steady base level
(Experiment I), base level rise (Experiment II), and base level variation (Ex-
periment III). Coloring the sediments has allowed for analysis of the grain size
distribution using an image analysis technique providing an extensive data set.
The deltas consisted of: (a) a topset deposit, formed by deposition of bed
load sediment due to delta progradation and/or base level rise, and (b) a foreset
deposit, formed by avalanching processes of the load passing the brinkpoint due
to a sudden increase in water depth at the edge of the delta. On the topset,
a mobile armor layer was present, thus allowing for sufficient transport of the
coarse fraction. The sediment was mainly transported as bed load sheets. De-
spite the dimensions of the flume, we were able to distinguish an upward-concave
profile at the final stage of all experiments. This concave profile corresponds to
the aggradational conditions over the fluvial reach (also at the end of Experi-
ment III). This concave profile produces downstream fining due to the decrease
in mobility of the coarse sediment in streamwise direction. The grain size dis-
tribution of the topset deposit has been found to be slightly coarser than the
fed sediment indicating that the sediment flux to the substrate (due to aggra-
dation) is mainly composed of the bed load with a relatively small influence of
the composition of the mobile armor.
In case of base level rise the M1 backwater curve on the topset becomes more
pronounced at the moments discrete base level changes occur. These changes in
base level induce additional, but temporary, aggradation over the fluvial reach
and thus a reduction in the brinkpoint migration rate. In the case of base level
fall, an M2 backwater curve is present accompanied by degradation over the
fluvial reach and consequently an increase in delta migration rate.
The grain size distribution of the foreset deposit enables reconstruction of
the evolution of the grain size distribution of the brinkpoint load over time.
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Initially, a finer stage is found where the fluvial reach is slightly eroded while
forming a mobile armor. Because of the fact that the grain size distribution of
the aggradational flux to the substrate is close to the grain size distribution of
the fed sediment, the foreset deposit presents almost no variation in streamwise
direction when there is no change in base level. When base level rise is imposed,
we see a phase with a gradual coarsening of the brinkpoint load. This coarsening
may be caused by a reduction in the added topset-area per unit time. In case
of a variation in base level, we found a strong relation between the changes in
base level and the mean grain size distribution of the foreset (i.e. the grain
size distribution of the bed load crossing the brinkpoint). After the formation
of the mobile armor and subsequent coarsening, the fast rise induces a strong
backwater effect implying fining due to selective trapping of the coarse fraction,
which is closer to incipient motion. During the fall period, initial erosion of
the mobile armor takes places resulting in a coarsening of the brinkpoint load.
After the armor is eroded, degradation into the finer substrate produces a finer
brinkpoint load. Eventually, in the last rise period, a new armor layer begins to
form in the longer fluvial reach, which results in a temporarily trapping of the
coarser sediment.
Once the sediment passes the brinkpoint and avalanches down the lee face,
it sorts and shows the characteristic upward fining. It seems that due to the
large amount of fines, the coarse fractions are able to travel far down the lee
face. In the upper half the foreset deposit is almost uniform (about 85% fines)
while the lower part shows the characteristic upward fining tendency.
An analysis of the stratigraphy within the foreset of a Gilbert-type delta
allows us to hindcast the brinkpoint load over time, thus creating a new tool
for reconstructing the paleo sea level.
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